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BY OPEF-CUP AND LABDRATGEY-BUBHER SMOXE TESTS

By Xarl R. Ebersole and Henry C. Barnett

IXTRCDUCTION

At the request of the Alr Teci:nical Service Command, Army
Alr Forces, tine Cleveland laboratory of the IMACA 1is conduacting
tests in an I-15 combustion chamber to obiain verforusance data
on o varlety of hydrocarbon fuels.

Inasmuch as the smoking tende:cy of jet-nropulsion fiels
is of interest, a laboratory program has been conducted to ob-
taln date on the smoking behavior of fuels. The results of
amen—ci1n smcke tests of 25 hydrocerton fuels and oif two series
of -repared bleids are presented. In order tc determine tho
effect of fuel-air ratio ~s well as hydrocarbcn clugz ca tae
smoking behavior of fuels, 21 hydrocarbons were tested in a
luboratory burner at fuel-eir ratios ranging from C.0E2 to
0.119. The results of these controlled-burning smoke tests rre
also presented. Correlation with datn from full-scals jet-
prowulelon tests will be necessary to determine the arzlicn~
billity of the results.

APPARATUS AND TES' PROCEDUIE

Open—~cup testg. — The apparatus used in the open-cup tests
is shown schematically in figure 1. A 3-milliliter samnle of
the fuel to be tested was placed in the open cup and ignited
with an onen flame. Smoke passing up the chimney absorbed a
portion of the light beam from the light source. The effact of
this light absorption on the photoelectric cell wes registared
by the recording microammeter. Before each teat, the recording
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microemmeter was adjusted to zero, 1f necessary, by varying the
resistance in the lamp cilrcult. A check run was made on each
fuel. The readings in microamperes were converted to vercentage
light absorbed by means of the calibration curve shown In figure
2. In the calibration of the recording instrument the light
beam was interrupted with screens of varying mesh. The trans-
mission through these screens war measured in a stzndard spec-
trophotometer using light with a wavelength of aporeximately
6000 A. The mercentage light absorbed vas then rlotted against
microampers readings to obtaln the celibratiorn curve.

Bach of 25 hnydrocarbon fuela was burned in an otven cuv in
order to deterrine smoking characteriaticc. In each test the
burnirg rate of the fuel was determined by measuring the time
required to burn & 3-milliliter sample.

The fuels tested included representative hydrocarbons of
the par:.ffinic, cycloparaifinic, olefinic, and aromatic clacaes
ng vell ap mixed fuels. ZKerosene r1d the saxme kerosemne fronm
vhich aromatics hsd been reaoved were inciuded in the mixed
fuels tested. Tiv0 series of binaryr blerdas consistirg of toluene
in hydrogerated triisobutylene and triisobutylere ir hydrogen-
ated trilsobutylene were tested over the range of concentrations
from O to 1C0 wparcent.

Loboratory—~burner tests. -~ The burner and the auxiliary
arvaratus uesed in the laboratory-burner tests are shown schemat-
ically in figure 3. Primary alr wae .oassed through the nre-
heater at e constant flow rate of 4.1 +0.1 liters per minute.
Secondory alr was introduced at the base of the burner at a
constant flow rete of 10.4 +C.2 liters per minute. The fuel to
be tested was placed in a gradunted burette, which was modified
to give low and constant flow retes. (Sse reforence 1.) The
fuel was then admitted to the primary air stream and was vapor-
ized and mixed with the primsry alr in the vreheater at o tem-
perature of 180° to 200% F above the boiling point of the hydré-
carbon. After the fuel was ignited through the small hole in
the side of the chimney, the hole vas sealed off by means of -
slip ring.

The flow rate of the air was maintained at 14.5 0.3 liters
per minute for nll fuel-air ratios. The fuel-air ratio was
varied by changing the flow rate of the fuel from the graduated
burette. The rate of fuel flow was measured by determining to
the nearest 0.0l minute the time required for a glven volume
(0.825 ml) to flow from the burette.
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Each of 21 fuels ircluding representative hydrocarbons of
paraffinie, cycloparaffinlc, olefinic, aromatic, and dicyclic
classes was teated for smoking tendency at various fuel-air
ratios. -Smoke particle size was not measured in these tests.

DISQUSSION OF EESULTS

Oven—~cup tests. -~ The results of the open—cup smoke tests
are presented in table I. 5Smoke is reported as percentage light
absorbed. Total smoke from a 3-milliliter sampleo was determined
by measuring the area under the curve traced by the recording
microemneter. Values of averago smpke were computed by dividing
the total smoke by the burning time. Values of peak smoke were
obtalned by visually avereging the deflections in the highest
portion of the curve.

The data 1n table I ghow that, with the exception of the
cycloparaffing, the fuels of a given hydrocarbon class gnve
readin;:s within a range of & porcent light absorbed ard that
the ar>metices gave higher readings than the other classes. The
greater smoking toudency of the aromatlcas can be further shown
by the tests on kerocsene and dearonatlized kerosene. Keroscno
gave a peak value of 21 percent light absorbed s~s comparcd with
5 percent for dearomatized kerosene.

In order to ascertain the offect of burning rote on the
smoking tendency, average smoke ( vercentage light absorbed)
was plotted against burning rato (grnms per min) in figure L,
Both test run and check run for each fuel are nlotted. The
five-carbon ring cycloperaffina are not shom in thls figurc
becauee data were obtalned for only two comounds in this serics.
It can be soen in table I that considerable difference in
smoking tendeicy was found betwcen the filve—carbon ring and the
slx—~carbon ring cycloperaffins. Tie fuels tested (fig. 4) show
that tho type of hydrocarbon exerts a much greater influence
on the smoking tendency than does the burning rate of the fuol.

Figure 5 showe the variation of the burning rate of the
fuels wilth boiling point. As in figure 4 both test and check
runs are plotted. ¥or the fuels tested, tho burning rate of hy-
drocarbons within a given class decreaesed with incroeasing
boiling point. It is of interest that two fuels of differont
classes with different boiling points will burn at thu same rate;
for example, from the curves of figure 5 a varaffinic hydro-
carbon with a boiling point of 176° F will burn at approximatecly
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the same rate as an aromatic hydrocarbon with 2 boiling voint
of 305° F.

In order to show the relation of smoking tendency and com—
position for fucls having equal hoilling points, tests were made
on blends of trilsobutylene in hydrogenated triisobutylene. A
linear relation was cbteinod. (See fig. 6.) Figure 7 shows
the results of teats of two fuels (toluene and hydrogenated tri-
isobutylene) having different boiling points.

Leboratory~burner teg}s. ~ The results of the laboratory-
burner emoize tests are presented in table II together with the
boiling point end the siolchlometric fuel-alr ratio of each fuel
testad. At the mexisum fuel-air ratlos that would support com-
bustion in the burner no smoke was obtalned for parsfrinliec, cy-
cloparaffinic, or olefinic Lydrocarbons with the excemtior of
triisobutylene, which gavo detectable smoke at a fuel-air retio
of 0,102.

Aromatic end dicyclic hydrocarbons bcgan smoking at approx-
imately thelr stnichliometric fuel-elr ratios. Figures 8 #nd 9
show the veriation of smoXke (percentage light absorbed) with
fuel-air ratio for aromatic snd dicyclic hydrocarbons, roasocc-—
tively. Korosene is 2lss included in figure 9. Within expori-
mentul error the smoklng tendency arpears to be # linear fanc-
tion of the fuel-air retio for aromatic and dicyclic hydrocar-
bons. Comnarison of figures & end 9 indicates that the emoking
tendency of necvhthalenlc hydrocarbons is groater than that of
arom=ztic hydrocarbons.

SULMAR” OF RESULTS

The date obtained from an investigatlon of the emolicing char—-
acteriastics of 25 hydrocarbons indicate that for uncortrolled
burning in an onen cup:

1. The smoking tendency of a hydrocarbon funl is more
dependent upon the type of hydrocarbon than unon its boiling
point cr burning rate.

2. The burning rate of hydrccarbons within a given class
tended to decrease with lncreasing bolling voint.

3. The smoking tendency of a commercial kerosene was about
four times that of the same kerosene from which arometics had
becn removed.
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Resultes obtalned from controlled~burning smoke tests indi-
cate that:
i _E. The smokzng ten&ency of E&dfdcérbon fuels is dependent
upon both the class of hydrocarbon and the fuel-alr ratio.

2. 'ithin exporimental error the smoking tendency of aro-
matic and dlecyclic hydrocarbons 1s a linear functlon of the
fuol-air ratio.

The followinz table summarizes the data obtained:
IFEN-CUP SMOXZ TESTS

Boiling | Hydrogen- Foak Burning rate
point carbon smolke (grums7min)
Class (°F) retio (vorcont
ligkrt
absorbed)
Paraffins 122-23C | 0.189-0.196( 10-15 | 0.59-1.07
Six-carbon ring 178-229 | .177 8-13 .02~ ,85
cyclomars~rffins
Tive—carbon ring ! 122-151 1 .167 23~31 .97-1.13
cycloparaffirs i
Olofins 101-172 : .157 ho-Ly .97-1.33
Arom: tics 230-323 | .055- -111 68-75 .75-1.36

LABORATORY-BURTR SMNEE TESTS

Hydrocarbon | Bciling- Stoichiomotric ?uel-air—ratidﬁ Smoke
class poiut fuel-eir ratio range (porcent
range I light
(°r nbaorbed)
Parcffins 173-350 0.055~0. 0606 0,064-C.114 0
Cyclohexanes | 178~-270 .067 .073~ .115 0
Olcfins 133-350 .067 .062- .109 0-3
Aromatics 175465 .070- .075 .063~ .108 o-U7
Dicyclics 365-605 .06e- .077 .069- .119 3-80

Alrcraft Engine Research Laboratory,
National Advisory Committse for Aeronsutics,
Clevalsnd, Ohio, June 20, 17U5; Sept. 12, 1945,

RIFERENCE
1. Zentner, E. Thomas? Delivory of Ligulds at Low and Constant

Ratos. Ind. and Eng. Chem. (Anal. ed.), vol. 16, no. 7,
July 2%, 124l po. 471-472,
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TABLE I. - RELATIVE SNOKING CHARACTERISTICS OF
VARIOUS FUELS BURNED IN OPEN CUP
Class of Compound Peak Average TotaljRate of|Boiling] Hydrogen-
hydro- amoke smoke smoke]burning|point |carbon
carbon observed | (percent |(area] (gr :, (°F) [ratio
(percent | 1ight in sqjmin)
light absorbed)|in.)
absorbed )
Paraffins | 2,2-Dimethyl- 11 10 1.4 1.052 122 0.196
butane 13 11 1,7 1.076
2,3-Dimethyl- 11 11 2.0 «941 137 -198
butane 13 10 1.7 +.978
242,3=Tri~ 15 11 2.2 +805 178 «192
methylbutane 15 11 2.4 « 779
2,3-Dimethyl- 10 7 1.4 «772 193 192
pentane 10 6 l.4 +723
2,2,3~Tri~ 13 10 2.5 +679 230 .189
methylpentane 11 8 2.0 +688
Cyeclo- Cyclopentans 26 20 3.6 1.125 122 0.167
paraffins 23 18 3.3 1.125
Methylcyclo- 31 26 S.4 +965 161 «167
pentane 31 24 5.8 -965
Cyclohexane 8 8 1.8 «825 178 <1687
10 7 1.5 .849
Methyl- 11 8 2.0 +755 212 167
cyclohexane 13 10 2.5 «787
Ethyl- 11 9 2.8 «617 269 167
cyclohexane 13 8 2.3 «R7
Olefins Trimethyl- 42 37 5.8 1.325 101 0.167
ethylene 44 37 5.8 1.325
2,3-Dinethyl- 44 37 6.4 1.223 133 167
butene-1l 43 37 6.6 1.223
2,3-Dimethyl- 40 33 6.9 1.026 164 .167
butene-2 42 35 7.6 .968
Triptene 4€ 38 8,2 1.063 172 .167
47 38 8.2 1.063
Cyclo- Methyl- S0 41 8.01 1.323 216 0.143
olefins cyclohexene 47 37 8.1 1.142
Aromstics | Toluene 71 50 10.7 1.363 230 0.005
' 68 49 11.2 1.280
Xylene 68 52 18.3 .844 [279~288] «104
iaomers 75 57 19.1 «893
n-Propyl- 70 52 18,7 .816 320 111
benzene 70 54 19.7 .816
m-Ethyl- 70 51 19.4 «763 323 .111
toluene 72 55 22.7 +745
Mixed Virgin 21 wmasmccealcecee] 0,698 [115-208| cvvcnncne
fuels base stock
Hot~acld 13 | ~ecccece- ————- o652 |174-257| ==wneecea
octanes )
Triiso- 35 e eem—- coceo] weeve- =|340=-350] ~==eccw=al
butylene®
Hydrogenated 16 |-==-- et EEI L EL ST E L 335-350] =~ =recvea
triiso~-
butylene®
Kerosene 21 ccccccnca | remac] cece «=]302-486]| ~wmeron=-
K?rosena 5 cemccecccicncan] ceranas cecececlaccacccaa
dearo-
NATIONAL ADVISORY
matized) COMMITTEE FOR AERONAUTICS
aLilted as mixed fuels because their purity is questionable.
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TABLE I. - SMOKING CHARACTERISTICS OF HYDROCARBON FUELS

DETERMINED FROM CONTROLLED-BURMNING TESTS

Class of Compound Bolling|Stoichi~|Fuel-alir- Hydrogen- Smoke
hydrocarbon point ometric |[ratio range|carbon (percent
(°F) |fuel-air ratio light
ratio absorbed)
Paraffins Triptane 178 0.065 0.067-0.103 0.191 0
Dilsopropyl 137 .06S +064- ,071 195 0
Neohexane 122 065 .070~- .085 .1956 0
2,2,3-Trimethyl~ 230 . 066 .074- .083 +.188 (o]
pentane .
Hydrogenated 335-350| .066 .083- .114 .181 o]
triisobutylene
Cyclohexanes |Cyclohexane 178 » 067 073~ .093 «16%7 (o]
Ethyleyclo-~ 269 . 067 .073- .115 167 (o]
hexane
Olefins 2,3-Dimethyl- 133 .087 .080- .096 .167 o
butene-1l
R33,3-Trime thyl- 172 . 067 .062~ ,090 «167 o]
butene~1
Triisobutylene 340-350 . 067 .092- .10% .167 0-3
Aromatics Benzene 178 075 063~ .104 .083 0~-37
Ethylbenzene 277 073 .076- .100 .104 3-34
Isopropylbenzene 306 072 063~ ,100 111 0-32
1,2,4-Trimethyl- 337 072 .076~ .108 .111 3-47
benzene
Triisopropyl- 4865 .070 L013- 107 .133 5-44
benzene
Dicyclics l-Methyl- 473 077 073~ .114 .076 3-80
naphthalene
Dimethyl- 811 .075 .078- .102 .083 11-59
naphthalene
Monocamyl- 555-808 073 .069- ,097 .101 9-50
naphthalene
Tetralin 405 .073 .076- ,108 .101 7-61
Decalin 365~-3882 . 069 .084~ ,119 .150 3-18
Mixed fuels |Kerosene 302-486 ] ~=~=~==~] 060~ ,108|~=w==w~—=~ 0-5

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS
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Flgure 1. - Schematic dlagram of apparatus for open-cup smoke
tests, '
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Figure 3. - Schematic diagram of burner and auxiliary ap-
paratus., '
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